I. INTRODUCTION
Switchable mirrors exhibiting variable optical, mechanical and electrical properties due to uptake and removal of hydrogen were discovered by Huiberts et al. 1 They have significant potential for applications in light and heat regulation, display devices, and optical communication systems. The first generation of switchable mirrors was based on rare earth metals which undergo a reversible metal-insulator transition when thin films coated with palladium are exposed to H 2 . 2 Van der Sluis et al. 3 reported that incorporation of magnesium increased the transparency of lanthanide hydride films.
The larger optical band gap (3.4 eV) for Gd 0.5 Mg 0.5 H 2.5 makes this switchable mirror colorless in contrast to reddish GdH 3 . Recently Richardson et al. 4, 5 reported switchable mirror effects in thin films of Mg and 3d transition metals (Ni, Mn, Fe, and Co). These are potentially more cost effective since they do not require the expensive and reactive rare earth metals.
A recent report 6 on the hydrogenation of 200 nm thick Mg films with Pd overlayers by H 2 gas at 0.1 MPa and 100° C showed that magnesium hydride is formed, with H 2 loading ranging from 2.9 to 6.6 wt.%. After 24 h, transparent magnesium hydride was obtained. 7 The temperature required for dehydrogenation decreased with decreasing degree of crystallization. Heating the hydride film led to the formation of nano-structured magnesium. H 2 absorption leads to lattice expansion and structural rearrangements, which modify the electronic properties of the films.
Near-edge x-ray absorption fine structure (NEXAFS) and extended x-ray absorption fine structure (EXAFS) are powerful tools for understanding the electronic and structural properties of thin films. [8] [9] [10] These techniques are element-specific and capable of probing the short to medium range structure around an absorbing atom.
Among the experimental techniques employed in determining the valence states of atoms in solids, NEXAFS plays a crucial role due to its simplicity and universal applicability.
EXAFS is sensitive to the local structure around an atom, and is especially useful in studying amorphous materials.
X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD) are used to study the electronic and magnetic properties of 3d elements.
Theoretical and experimental studies have shown that the band structure of bulk Ni is 3 different from that of Ni thin films grown on Cu and Co. [11] [12] [13] [14] This results in different electronic and magnetic properties. The line shapes of XAS and XMCD spectra can change dramatically for varying film thickness due to electron transfer and hybridization at the interface or due to 3d electron correlation effects. 15 Srivastava et al. 16 have shown that the thickness dependent density of 3d holes for Ni thin films grown on Cu (001)
gives rise to a modified XAS line shape. Therefore a detailed analysis of Ni L 2,3 edges (which is a direct measure of unoccupied d states) and Mg K-edge are a useful approach to study the electronic structure of our samples in the metallic and hydride state.
Here we report an investigation of the structural and electronic properties of Ni-Mg thin films with varying Ni to Mg atomic ratio using in-situ x-ray absorption spectroscopy. The mirror-like metallic Ni-Mg thin films become optically transparent due to H 2 absorption. We followed the hydrogenation processes by recording x-ray absorption spectra at both the Mg K and Ni L-edges.
Experimental Procedure

Sample preparation
Ni-Mg films for the present study were prepared by dc magnetron co-sputtering from 50 mm Ni and Mg (99.98%) targets inclined 22.5° from normal onto silicon nitride membrane substrates (Silson Ltd., Northampton, UK), which were mounted sequentially on a glass plate to obtain different Ni to Mg atomic ratios. The base pressure was 1.4x10 -7 Torr, process pressure 2 mTorr, Ni power 24 W, Mg power 47 W, target-to-substrate 
X-ray absorption measurements
The x-ray absorption spectra were measured at beamlines 6.3.1 and 6.3.2 at the Advanced Light Source, Lawrence Berkeley National Laboratory. 17 During the measurements, the synchrotron was typically operated at 1.9 GeV between 200 and 400 mA. The spectra were recorded at the Mg K and Ni L absorption edges in the bulksensitive transmission detection mode, in an atmosphere of He using a 4.6x4.6 mm photodiode detector (Hamamatsu, G1127-02). Hydrogenation of the films was achieved by purging with 4 % H 2 in He. The spectra for reference materials Mg 2 Ni and MgH 2 were measured by total fluorescence yield (TFY) using a 28x28 mm windowless detector (Hamamatsu, S3584-06). The resolution at the Mg K and Ni L-edges was better than 1.5 and 1.0 eV, respectively. The photon energy was calibrated to the first inflection point of the Ni L 3 edge at 852.7 eV and Mg K edge at 1303.0 eV. 18 After calibration, the spectra were normalized to the absorption edge jumps. 8 All measurements were performed at room temperature.
Results and Discussion
Previous work 3 on Ni-Mg thin films showed that the Ni to Mg atomic ratio and the film thickness are factors in determining the speed at which switching takes place between the metallic state and the transparent hydride state. The freshly sputtered films were amorphous by xrd, showing only weak reflections due to Pd. Co-deposition from offset sources yielded films with position-dependent Ni-Mg atomic ratio and thickness (Table I) . They absorbed hydrogen rapidly and reached maximum transparency within a few minutes. When samples were annealed at 125 o C in dry nitrogen, xrd reflections due to Mg 2 Ni, Mg, and Mg 6 Pd developed. The annealed films did not take up H 2 readily.
Ni L 3,2 -edge NEXAFS
Ni L 3,2 -edge x-ray absorption spectra measured in transmission mode in He and in 4 % H 2 (balance He) for a pure Ni film and two Ni-Mg films are shown in Fig. 1 . The spectrum for Mg 2 Ni powder measured by total fluorescence yield is included for comparison. The transitions denoted as L 3 and L 2 , at ~853.5 eV and ~870.8 eV, are from Ni 2p 3/2 and 2p 1/2 to 3d final states, respectively. 15, 18, 19 Satellites at ~3 eV and ~6 eV above the L 3 -edge are seen in all the spectra. The intensity of 6 eV satellite for Ni-Mg 5 films and Mg 2 Ni are reduced by a factor of five compared to pure Ni film. Recently Dhesi et al. 19, 20 assigned these satellites to transitions to triplet (3 eV) and singlet (6 eV) states of the final 2p 5 3d 9 configuration, split by the core-valence exchange interaction (multiplet effects). The singlet state can be reached from the triplet 3d 8 initial state by spin-flip transitions due to the 2p spin-orbit interaction. More recently, Nesvizhskii et al. 21 based on one-electron multiple scattering and atomic multiplet calculations claimed that the effect of spin-flip transition is negligible and hence the 6 eV satellite is predominantly due to multiple scattering effect, but that the multiplet explanation of Figure 3 shows Ni L 3,2 spectra for a Ni 0. 24 Mg 0.76 film as-deposited, fully hydrogenated and dehydrogenated by exposure to air for 24 h. The hydrogen is apparently not completely removed under these conditions.
The full width at half maximum (FWHM) and integrated area for each band was obtained by fitting the Ni L-edge spectra with Gaussian functions. To exclude the edge jump, asymmetric double sigmoidal functions were also included in the fits. The results, along with branching ratios β R = A 3 /(A 3 +A 2 ), total integrated intensity (A 3 +A 2 ), and intensity ratio (A 3 /A 2 ), are given in Table II . It has been shown that, due to changes in the final state energies, Ni L 3,2 transitions shift towards higher energy by about 1 eV for each unit increase in oxidation state. [22] [23] [24] [25] Since the integrated intensity (A 3 +A 2 ) is a ground state property, it is a quantitative and a direct measure of 3d shell vacancies (n h ). 16, 19, 22, 24 Further, the initial state 3d spin-orbit coupling and the overlap of 2p and 3d wave 6 functions, the so called multiplet effects, are said to affect the branching ratio (β R ). 26, 27 Another report, however, maintains that multiplet effects dominate all other interactions. 28 Recent reports demonstrate that one can distinguish the nature of spin states, viz., low spin and high spin for a given oxidation state of Ni, based on the branching ratios (β R ) of L 3,2 -edges. [23] [24] [25] In the present study, the energy separation (E 3 -E 2 ) between the L 3 and L 2 -edges, which is due to 2p spin-orbital splitting, for all the samples is found to be ~17.3 eV in accordance with earlier reports. 15, 16, 19 The transition energies (E) for both L 3,2 -edges of a Ni film and Ni-Mg films in the metallic state show a small trend towards higher energy from pure Ni film to very Mg-rich (Ni 0. 13 Mg 0.87 ). The spectral profile and branching ratio for pure Ni film are in good agreement with the pervious reports on bulk Ni metal and for Ni films grown on Cu(001) and Co/Cu(001). 16, 19 The Ni film was therefore utilized as a reference for Ni-Mg films. The total integrated intensity (A 3 +A 2 ) is smaller and, the β R and A 3 /A 2 are larger for Ni-Mg than for Ni (Table II) . These results suggest that the addition of Mg produces structural changes and modification of Ni electronic states.
Similar results were reported for Ni film on Cu(001) and Co/Cu(001) due to charge transfer to Ni. 16, 19 Hydrogen uptake by Ni-Mg films caused the transition energies for both L 3,2edges to shift significantly towards higher energy, by ~2.3 eV for Ni 0.33 Mg 0.67 and ~2.6 eV for Ni 0. 13 Mg 0.87 . The total integrated intensity and FWHM also increase. The values for β R and A 3 /A 2 are comparable to those for the Ni film. In general, the effective charge transfer from metal to hydrogen is reported to be less for metal hydrides than for halides, oxides, etc. where the charge transfer is much greater. 29, 30 This is supported by the values of β R and A 3 /A 2 for Ni-Mg films in the hydride state, which are comparable to those for the Ni film, indicating that although Ni is in a higher oxidation state, the effective charge transfer in the hydride is less than in the metal. The values of β R suggest that Ni in hydrided Ni-Mg films is in a high-spin state. [23] [24] [25] Hydriding also leads to the creation of non-equivalent Ni sites, which result in larger FWHMs. to the 1s to 3p transition whose intensity depends on the degeneracy of the 3p states but also this feature shifts towards higher energy with increasing coordination around Mg. [31] [32] [33] [34] [35] In the present study, the transition at 1304.5 eV in pure Mg and Ni-Mg films is assigned to Mg 1s to 3p. The edge shift towards lower energy and reduction in the intensity of the peak with increasing nickel content suggest that the coordination around The Mg K-edge spectra shifted towards higher energy by ~2.2 and ~2.9 eV for Ni 0.33 Mg 0.67 and Ni 0.13 Mg 0.87 , respectively, when hydrogen is introduced. In addition, the transitions at higher energies due to multiple scattering resonances were significantly reduced by the presence of hydrogen, which scatters weakly due to its low mass. 36, 37 The spectrum of the thick Mg film showed no significant changes on exposure to H 2 for 2 h, consistent with previous observations of very slow diffusion of hydrogen in relatively thick Mg films. 29 The thin Mg film, however exhibited a 3.5 eV shift following overnight 8 soaking in 4 % H 2 at room temperature. This is consistent with optical properties of Mg film with Pd overlayer, which show that an increase in Mg thickness decreases the optical response to hydrogen exposure. 38 The Mg K-edge TFY spectrum for bulk MgH 2 also shows a shift of ~2.3 eV towards higher energy compared to the Mg film, consistent with the presence of divalent Mg.
Magnesium K-Edge EXAFS
EXAFS data were analyzed using a background-subtraction method [39] [40] [41] [42] [43] with optimization of the low r portion of the EXAFS, followed by Fourier transformation to r space. The normalized spectra of the 270 nm Mg film and two Ni-Mg films are shown in Figure 8 along with theoretical fits. Figure 9 shows the fitting results in k space. The resultant structural parameters, coordination number (N), bond distance (R) and Debye-Waller factor (σ 2 ) for Mg, Ni 0.13 Mg 0.87 and Ni 0. 33 Mg 0.67 are given in Table III Attempts to fit the EXAFS data for Ni-Mg films in the hydride states failed due to high signal to noise ratios and weak EXAFS oscillations due to the presence of hydrogen as nearest neighbor. The weak EXAFS oscillations in k space for Ni-Mg films in hydride state were therefore compared with reference materials MgH 2 and Mg 2 Ni (Fig. 10 ).
The hydrided 45 nm Mg film shows the features similar to those in bulk MgH 2 . 6, 7 Hydrided Ni-Mg films, however, do not resemble bulk MgH 2 . Instead, Ni 0.13 Mg 0.87 and Ni 0. 33 Mg 0.67 in both metallic and hydrides state look more like Mg 2 Ni. This suggests that the Ni-Mg films contain some Mg 2 Ni, which dominates the Mg EXAFS spectrum and that this phase persists even when the free magnesium is converted to its hydride. These results are also consistent with the lower transparency of films with higher Ni content. A relatively small amount of Ni (~10 mol %) is sufficient to facilitate absorption of H 2 . 
Conclusions
